Background. Pulmonary tuberculosis is occasionally confused with invasive pulmonary aspergillosis (IPA) in transplant recipients, since clinical suspicion and early diagnosis of pulmonary tuberculosis and IPA rely heavily on imaging modes such as computed tomography (CT). We therefore investigated IPA-mimicking tuberculosis in transplant recipients.
Tuberculosis is a significant opportunistic infection in transplant recipients [1] . Mycobacterial culture is the gold standard for diagnosis of tuberculosis, but it takes 2-6 weeks. Therefore, clinical suspicion and early treatment of pulmonary tuberculosis in transplant recipients mostly rely on imaging modes such as chest computed tomography (CT). In general, the common CT findings of postprimary pulmonary tuberculosis such as centrilobular nodules, branching linear and nodular opacities, patchy or lobular areas of consolidation, and cavities, are helpful in distinguishing it from other pulmonary infectious diseases [2] . However, the radiologic features of pulmonary tuberculosis in immunocompromised patients can vary [3] . As a result, the CT findings of pulmonary tuberculosis in transplant recipients are occasionally confused with those of invasive pulmonary aspergillosis (IPA), which is also an important opportunistic infection in these patients [4, 5] . However, data on this issue are limited. South Korea has an incidence in 2013 of 97 cases per 100 000 Korean [6] . We therefore have a unique opportunity to compare the CT findings for pulmonary tuberculosis in transplant recipients with those of IPA in transplant recipients because the incidence of tuberculosis is so low in the United States (3.3 cases per 100 000 in 2013) that enough number of tuberculosis cases to perform this analysis is logistically difficult. We thus investigated IPA-mimicking tuberculosis in transplant recipients.
MATERIALS AND METHODS

Study Population
This study was performed at the Asan Medical Center, a 2700-bed tertiary care teaching hospital in Seoul, South Korea, from January 2008 to December 2013. All adult transplant recipients who developed microbiologically confirmed tuberculosis during the study period were retrospectively enrolled. The study focused on the clinical features and CT findings of IPA-mimicking tuberculosis. We therefore only included pulmonary tuberculosis and excluded extrapulmonary and miliary tuberculosis. We also excluded pulmonary tuberculosis where there was coinfection with other pathogens (Figure 1 ). All adult transplant recipients who developed IPA during the study period were also retrospectively enrolled and we again excluded cases with co-infections. In addition, we excluded neutropenic patients with IPA. Patients were assigned a proven or probable diagnosis of IPA according to the consensus definition of the EORTC/MSG [7] and our previous reports [8] [9] [10] [11] . Briefly, proven IPA was identified by histologic evidence of tissue invasion, including septated, acutely branching filamentous fungi and positive culture. Probable IPA was defined as the presence of a host factor, together with a clinical factor and a mycologic factor. This retrospective study from a single tertiary center was approved by the Institutional Review Board. Informed consent was waived.
Study Design and Definitions
In the first part of the study we tested whether experienced radiologists could differentiate pulmonary tuberculosis from IPA. Two independent experienced radiologists reviewed blind 78 CT images from the 28 patients with pulmonary tuberculosis and the 50 randomly selected patients with IPA. The exact numbers of tuberculosis cases and IPA cases were unknown to the radiologists. To avoid random decisions between tuberculosis and IPA, indeterminate answers were classified as wrong diagnoses. For example, we asked the radiologists to select "TB", "indeterminate", or "IPA" as the answer for each of these 78 CT images. To evaluate their ability to diagnose tuberculosis, only answers of "TB" were classified as correct. To evaluate their ability to diagnose IPA, only answers of "IPA" as an answer was classified as correct. In the second part of the study we determined which radiologic findings were able to help differentiate pulmonary tuberculosis from IPA. The 2 independent radiologists reviewed the CT findings of the 28 patients with pulmonary tuberculosis and the 80 patients with IPA. The 2 radiologists were also unaware of the patients' diagnoses during the second part of the study.
The anti-tuberculosis treatments were classified as empirical or definitive, with the former being defined as receipt of antituberculosis treatment with first-line drugs before a positive mycobacterial culture or a positive M. tuberculosis polymerase chain reaction (PCR) assay or positive acid-fast bacilli (AFB) stain was obtained and the latter being defined as receipt of standard anti-tuberculosis treatment with first-line drugs after a positive result of mycobacterial culture or a positive M. tuberculosis PCR assay or positive AFB stain.
CT Evaluation
The 2 independent radiologists (M. Y. K.; 18 years' experience in thoracic radiology, H. J. L.; 6 years' experience in thoracic radiology) were unaware of the patients' characteristics and clinical outcomes. Where there was disagreement the final decision was made by consensus. We reviewed the first CT image from the symptom onset. A total of 108 CT scans were obtained with (n = 18) or without (n = 90) contrast enhancement. All images were viewed on theat mediastinal (width, 450 HU; level, 50 HU) and lung window (width, 1500 HU; level, -700 HU) settings of the axial image on a picture archiving communication system.
We used a glossary of CT imaging definitions to categorize pulmonary lesions [12] . Radiological patterns of IPA were classified as angio-invasive, airway-invasive, or necrotizing pneumonia, based on previous studies [9, 13, 14] . The following radiologic patterns were considered angio-invasive: macronodules, an infarctshaped consolidation, a halo sign, or a mass-shaped consolidation. The following radiologic pattern was considered as airwayinvasive form: clusters of centrilobular nodules, a peribronchial consolidation, a ground-glass opacity, or a smooth bronchial wall thickening. The following radiologic pattern was considered as necrotizing pneumonia: air-crescent sign, a cavitary lesion, internal low attenuation, or a reverse halo sign or a bird nest sign.
An infarct-shaped consolidation was defined as triangular or dome-shaped, with the base abutting the pleura and the apex directed toward the hilum with or without a cavity. A peribronchial consolidation was defined as centered on macroscopic bronchovascular bundles or with a peribronchial distribution with or without smooth bronchial wall thickening [12] . A mass-shaped consolidation was defined as a homogeneous increase in parenchymal attenuation, with a tumor-like measurable lesion, more than 3 cm in long diameter, with or without air bronchograms.
Tree-in-bud appearance was defined as clustered 2-4-mm nodular and linear branching centrilobular opacities with a lobular or segmental distribution on CT, indicative of small-airway disease, initially used to describe the appearance of the endobronchial spread of tuberculosis [15] .
Statistical Analysis
Categorical variables were compared using the χ 2 or Fisher exact test, as appropriate, and continuous variables using Student t test and the Mann-Whitney U test, as appropriate. Diagnostic performance was expressed in terms of sensitivity. Concordance between the radiologists A and B was assessed using the kappa. All tests of significance were two-tailed and a P value of less than .05 was considered to indicate statistical significance. Calculations were performed using the SPSS for Windows software package, version 21 K (SPSS Inc, Chicago, Illinois).
RESULTS
Study Characteristics
During the study period, 5080 transplants, namely, 2211 liver transplants (LT), 1685 kidney transplants (KT) with 33 pancreas transplants, 264 heart transplants (HT), and 920 allogeneic hematopoietic stem cell transplants (HCT) were performed. Of the transplant recipients, 47 developed tuberculosis after transplantations (925 cases per 100 000 persons), so the incidence is 10 times greater than in Korean general population (97 cases per 100 000 persons). The incidence of tuberculosis ( Figure 1 ) showed a trend toward being higher in HCT recipients (1.4%) than solid organ transplant recipients (0.8%, P = .09), although this did not reach any statistical significance. Of these 47 patients, 11 had extrapulmonary tuberculosis, 5 miliary tuberculosis, 1 combined IPA, and due to inadequate follow-up 2 were excluded from the analysis. Finally the remaining 28 patients, who had pulmonary tuberculosis were analyzed. In addition, 128 patients consisting of 8 confirmed and 120 probable IPA with exclusion of 34 patients with co-infection were identified as developing IPA after transplantation during the study period, and the 80 transplant recipients having IPA with the exclusion of 48 IPA in neutropenic HCT recipients were included in the final analysis. A comparison of the baseline clinical characteristics of the 28 tuberculosis and 80 IPA patients is shown in Table 1 . Tuberculosis (median time 138 days, interquartile range [IQR] 92-289) developed later after transplantation than IPA (median time 67 days, IQR 27-192, P = .001), but their IQRs overlapped substantially. The median time from symptom onset to diagnosis was also longer in the tuberculosis group (26 days) than the IPA group (7 days; P < .001). Interestingly, serum galactomannan (GM) and bronchoalveolar larvage (BAL) fluid GM were positive in 12% and 14% of the patients with tuberculosis, respectively. The detailed demographic and clinical characteristics of these patients with tuberculosis who showed positive GM are shown in Supplementary Table 1. Of the 80 transplant patients with IPA, none received empirical anti-tuberculosis treatment. However, of the 28 transplant patients with pulmonary tuberculosis, 15 (53%) received empiric anti-tuberculosis treatment without antifungal treatment, 8 (29%) received empirical antifungal treatment followed by definitive anti-tuberculosis treatment; 2 voriconazole and 6 amphotericin-B. The remaining 5 (18%) received antibacterial agents as empirical antibiotic regimen followed by definitive anti-tuberculosis treatment. The median time from chest CT to anti-tuberculosis treatment in the 28 transplant patients with tuberculosis was 7.0 days (IQR 2.0-25.8). Of these 28 patients, 11 (39%) received a initial CT reading reporting tuberculosis as a possible radiologic diagnosis after CT scan, and 10 of these 11 patients received empirical anti-tuberculosis treatment. The median time from CT scan to anti-tuberculosis treatment in the 11 patients in whom possible radiologic diagnosis was tuberculosis was 2.0 days whereas that in the 17 patients in whom possible radiologic diagnosis was not tuberculosis was 17 days (P = .02). It is clear that some patients with tuberculosis were misdiagnosed as IPA and received inappropriate antifungal therapy and delayed anti-tuberculosis therapy.
Blind Review
The 2 independent experienced radiologists scored blind 28 tuberculosis and 50 randomly selected IPA cases. The detailed results are shown in Table 2 . The sensitivities of radiologist A and B for IPA were 78% and 68%, respectively ( poor agreement, kappa value = 0.25), whereas their sensitivities for tuberculosis were 64% and 61%, respectively (excellent agreement, kappa value = 0.77) ( Table 2) .
CT Features of Pulmonary Tuberculosis and IPA in the Transplant Recipients
We compared the CT findings in the 28 patients with tuberculosis and the 80 patients with IPA (Table 3) . multiple macronodules (Figure 2) , and smooth bronchial wall thickenings ( Figure 3 ) were more frequent in IPA, and massshaped consolidations ( Figure 5 ) and centrilobular nodules (<10 mm, clustered), especially the tree-in-bud appearance (Figure 4 ), were more frequent in tuberculosis. In addition, upper lobe dominance was more frequent in tuberculosis than IPA ( Figure 5 ). However, the frequencies of old tuberculosis scars, cavitary lung lesions (Figure 2 ), internal low attenuation signs, air bronchograms, and pleural or pericardial effusions were similar in tuberculosis and IPA.
DISCUSSION
In this study we found that about two-third of transplant recipients who developed tuberculosis were presented with pulmonary tuberculosis, which yielded a variety of radiologic findings. In addition, we showed that the radiologists had difficulty differentiating pulmonary tuberculosis from IPA in transplant recipients regardless of their experience since the CT findings in about one third of the transplant recipients with pulmonary tuberculosis were very similar to those in the transplant recipients with IPA, whereas the more experienced radiologist tended to accurately diagnose IPA. We thus infer from this study that clinical suspicion and appropriate microbiologic work-up for pulmonary tuberculosis are warranted in transplant recipients who are suspected of having IPA, especially in an intermediate or hightuberculosis burden country. Tuberculosis is one of the most important opportunistic infections in solid organ transplant recipients and HCT recipients [1, 16] . The clinical suspicion and early diagnosis of pulmonary tuberculosis relies heavily on imaging modes such as chest CT because the rapid specific diagnostic tests such as the acid-fast bacillus smear and M. tuberculosis PCR from respiratory specimens lack sufficient sensitivity [17] . Previous studies have shown that an atypical radiologic pattern may be seen in immunocompromised patients with pulmonary tuberculosis due to altered immunological responses [3] . However, there are limited CT findings in transplant recipient with pulmonary tuberculosis. One study reported the detailed CT findings in 7 HCT recipients who developed tuberculosis; these showed that consolidations (100%), nodules (71%), tree-in-buds (43%), and ground-glass opacities (43%) were frequent [18] . IPA, which is an important opportunistic infection in transplant recipients, also relies heavily on CT for early diagnosis because sputum culture and serum or BAL GM assays have limited sensitivity [9] . In addition, macronodules and consolidations are frequent CT findings in IPA [19] . Indeed, we discovered that about one-third of the transplant recipients with pulmonary tuberculosis were misdiagnosed as IPA and had received inappropriate antifungal treatment. In addition, this study demonstrated that the CT findings in one-third of the transplant recipients with pulmonary tuberculosis were very similar to those in the transplant recipients with IPA. To our knowledge, this is the first study systemically comparing the clinical features and CT findings in transplant recipients with tuberculosis with those in transplant recipients with IPA.
We assume that most adult transplant recipients developed tuberculosis by reactivation due to immunosuppression rather than de novo primary infection [20] . However, here in transplant recipients with probably postprimary tuberculosis, atypical CT manifestations compared with the known postprimary tuberculosis in nonimmunocompromised patients were frequently observed, and some proportion of primary tuberculosis features were not uncommon. Most confusing CT findings were combined macronodules with or without cavitation, or pneumonia like consolidation in tuberculosis patients (to radiologsts' stance). Ancillary CT findings separately from the most representative lesions in transplant recipients with tuberculosis were less common multiple macronodules, infarct shaped consolidation, smooth bronchial wall thickening, but more common single mass type consolidation, surrounding-or clustered centrilobular nodules (especially with tree-in-bud appearance), and right upper lobar location, compared with those in transplant patients with IPA. These are important clues for CT diagnosis of tuberculosis rather than IPA. The GM assay has been widely used in the diagnosis of IPA. Interestingly, 2 (12%) of the 17 patients with pulmonary tuberculosis gave positive results in the serum GM assay. In addition, 1 (14%) of 7 patients with pulmonary tuberculosis yielded positive results in the BAL fluid GM assay. To our knowledge, cross-reactivity of the GM assay with M. tuberculosis has not been reported. It is known that tuberculosis can damage the bronchi, and aspergillus can colonize the damaged bronchi [21] . This effect might explain the positive BAL fluid GM assay. In addition, we have shown that about 40% of patients with simple aspergilloma give positive serum GM results [21] . So, it is possible that aspergillus colonizing damaged bronchi release GM into the blood stream. Further studies are needed in this area.
The recent study from the United States showed that the diagnosis of tuberculosis was made at a median time of 11.2 months after transplantation [22] . A landmark review also quotes an average time to diagnosis of tuberculosis post-transplant of 9 months [23] . In contrast, most cases of mold infections such as IPA were reported to occur within the first 90 days after transplantation [24, 25] . However, a recent largest cohort from Spain showed that a median time to tuberculosis onset after transplantation was 6.1 months (range, 0.9-16.6 months) [26] . In addition, a higher proportion of later occurring IPA cases has been reported in recent studies [27, 28] . Our study showed that the time onset for tuberculosis (median 138 days) was longer than that for IPA (median 67 days, P = .001). Therefore, the timing of infections after transplantation Note the mass with surrounding halo sign. She was readmitted because her symptoms were worsening with aggrevated chest radiograph (C) despite of 3-week voriconazole therapy. Percutaneous core lung biopsy was done, which revealed negative acid-fast bacilli stain and Gomori-Methanamine-Silver & Periodic acid-Schiff stains without granulomatous inflammation. At this stage, we reported that M. tuberculosis complex was cultured in post-bronchoalveolar lavage sputum specimen that was performed 3 weeks ago.
is helpful for differentiating tuberculosis from IPA. However, this timing is quite overlapping, so other factors should be considered to reach a correct diagnosis.
Our study has several limitations. First some may argue that some patients may been co-infected with tuberculosis and IPA and that this resulted in the IPA-mimicking CT findings in patients with pulmonary tuberculosis. In fact, we excluded one case of tuberculosis and IPA co-infection from the final analysis. Two patients with pulmonary tuberculosis who gave positive GM assays and were included in the final analysis underwent lung biopsies, and these did not reveal any fungal organisms. Second, we only included transplant recipients who developed tuberculosis or IPA after transplantation. Further studies are needed on IPA-mimicking tuberculosis in other immunocompromised patients such as patients infected with human immunodeficiency virus or other immunocompromised hosts. Third, this study was retrospective and was performed in a single large tertiary referral center running active clinical trials and employing the latest treatments for underlying disease. There could therefore be a patient' selection bias. Fourth, the screening and treatment for latent tuberculosis infection (LTBI) in each transplant type in our hospital adopted different policy during the study period except the routine work-up for abnormal chest radiograph. KT and HCT recipients were actively involved in several clinical studies [16, 29, 30] to evaluate the clinical usefulness of tuberculin skin test, QFT-In-Tube, and T-SPOT.TB. So, the clinical utility of LTBI screening to differentiate IPA-mimicking tuberculosis from IPA could not be evaluated. So, further studies are needed for the role of LTBI screening results in diagnosing IPA-mimicking tuberculosis. Fifth, the small number of proven IPA cases limits the accurate analysis of the sensitivity of CT findings. In addition, the testing of radiologist's answer does not reflect clinical practice. In real clinical setting, numerous organisms such as pulmonary mucormycosis mimicking IPA instead of just 2 organisms should be differentiated by using given CT findings. Nevertheless, our findings give us valuable information that clinical suspicion and appropriate microbiologic work-up for pulmonary tuberculosis are warranted in transplant recipients who are suspected of IPA, especially in countries with intermediate or high-tuberculosis burdens.
In conclusion, particular CT findings appear to be helpful in differentiating between IPA and tuberculosis in transplant recipients. Nevertheless, the CT findings of about one third of pulmonary tuberculosis cases in transplant recipients were very close to those of IPA. Clinical suspicion and appropriate microbiologic work-up for pulmonary tuberculosis are warranted in transplant recipients who are suspected of having IPA, especially in intermediate or high-tuberculosis burden countries.
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